0.4 mol% have been investigated by Cu K-edge extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure (XANES). Complementary data for Cu(II) was derived using UV-Vis-NIR spectroscopy. Indication for mainly linear two-fold coordination of the Cu + ion was found by both EXAFS and XANES, but other coordination between Cu + and O 2-cannot be excluded. The Cu(I)eO bond lengths were found to be 1.79-1.83 ± 0.02 Å. EXAFS results showed that Cu(II) was mostly present in a Jahn-Teller distorted environment with oxygen, an octahedron with four shorter Cu(II)eO bonds and two longer in axial position. The equatorial bond lengths were found to be 1.89-1.91 ± 0.02 Å and the axial 2.20-2.24 ± 0.02 Å with no effect of the Jahn-Teller distortion of the octahedron when the glass composition was altered.
Introduction
As CuO is added to the glass melt, the redox equilibria between the cuprous Cu + and cupric Cu 2+ are dependent on the glass composition.
It is known that the proportion of Cu + will increase if the basicity of the silicate glass increases [1] . Cu 2+ absorbs light of the longer wavelengths in the visible to near-infrared (NIR) spectral region, resulting in the characteristic turquoise-blue coloration of copper-doped silicate glasses. Cu + ions, on the other hand, have a d 10 electronic configuration and thus no empty d-orbitals; therefore, they are colorless. Both ions are incorporated into the glass structure in different ways and can, in principle, act as glass modifiers or network formers [2] . Due to the presence of assessable d-d-transitions in the d 9 Cu 2+ ion, optical as well as paramagnetic resonance spectroscopy can be used for probing this species' structural environment. For the diamagnetic Cu + ion, these techniques are not as readily applicable. Several studies have been published on the structural features of Cu 2+ in oxide glasses using UV-Vis-NIR spectroscopy and/or EPR (electron paramagnetic resonance spectroscopy) as primary techniques [3] [4] [5] [6] [7] [8] [9] . The expected coordination environment for Cu 2+ from these studies is a Jahn-Teller distorted octahedron with two elongated bonds along the z-axis. However, the degree of distortion and its dependence on glass structure are still unclear, and published interpretations are sometimes contradictory. EXAFS (Extended X-ray Absorption Fine Structure) studies of the coordination environment of Cu + and Cu 2+ ions have to some extent been made for ion exchanged and ion-implanted glasses [10] [11] [12] [13] [14] [15] .
Copper oxide was incorporated in the glass matrix during the melting process in aluminosilicate glasses with a CuO concentration of about 20 wt% [16] . It was concluded that the Cu + ion was coordinated by two oxygen ions (linear complex), whereas the Cu 2+ ion was coordinated by four oxygen ions in a square planar geometry. This was confirmed in similar studies of blue Paleo-Christian glass mosaics [17] . There are also examples on green copper glasses, where the Cu
2+
-O 2-coordination geometry is square planar [18] . Thus, there is some discrepancy between interpretations using EPR and UV-Vis-NIR data, and the ones relying on EXAFS. 
Experimental procedure

Sample preparation
The glass compositions studied have the nominal molar composition 20R 2 O-10CaO-70SiO 2 (R = Na and/or K). 0.4 mol% of CuO was added to the batch. The glass compositions are listed in Table 1 . The raw materials were of industrial grade with maximum 0.01 wt% Fe 2 O 3 and 0.04 wt% Al 2 O 3 , using carbonates for the alkali and the alkaline earth components All samples were melted in Pt-Rh crucibles at 1420°C in batches corresponding to 150 g of glass. Samples were melted in a standard procedure described elsewhere [6, 19] .
UV-Vis-NIR spectroscopy
Samples were prepared by grinding and polishing to plane parallel specimens with a thickness of 3-5 mm. All samples were made in doubles or triplets.
A double-beam spectrophotometer (Agilent Technologies, Cary 5000) was used for the measurements. The scan rate was 600 nm/min with a slit width of 2 nm. For the analysis, the samples were masked with a circular aperture with the diameter of 5 mm and were measured from 3300 nm to 200 nm with spectral resolution of 1 nm. The observed absorption band was deconvoluted by using the software Peak Fit® [20] .
X-ray absorption spectroscopy -data collection
Glass samples for the measurements were prepared by crushing and sieving to a particle size below 45 μm, using a 325-mesh sieve. The crystalline reference samples of Cu 2 O and CuO were treated with mortar and pester and were mixed thoroughly with boron nitride in order to achieve homogenous samples with approximately the same concentration of copper as in the glassy samples. Pure crystalline Cu 2 O and CuO for reference were also prepared by spreading on a plastic tape.
Copper K-edge X-ray absorption measurements were performed at the wiggler beamline I811 at the Max-II ring [21] , Max-lab, Lund, Sweden, during two individual campaigns. The Max-II synchrotron ring offered electron beam energies of 1.5GeV, maximum current of 200 mA and X-rays in the energy range 2.4-20 keV. The beamline was equipped with a Si [111] double crystal monochromator. In order to remove higher harmonics, 30% detuning was used. The sample spectra were collected in fluorescence mode by a solid-state PIPS detector and a metallic Cu reference foil for energy calibration was simultaneously measured in transmission mode. The measurements were performed at ambient room temperature. The energy scales of the x-ray absorption spectra were calibrated by assigning the first inflection points of the K edges of foils of copper at 8980.3 eV. The ion chambers I 0 , I 1 and I 2 were filled with 1.1 bar N 2 , 0.1 bar Ar and 2 bar Ar respectively. Every sample was scanned at least five times in continuous scanning mode.
X-ray absorption spectroscopy -data analysis
The data analysis was carried out with the program package EXA-FSPAK [22] . The pre-edge subtraction and spline removal were performed in a standard procedure. The software FEFF7 [23] was used for modelling the EXAFS region. The XANES region was only analyzed qualitatively.
Structural modelling in FEFF7
When using EXAFSPAK and FEFF7 you need to have an idea how the specific ion is coordinated to get a result. When ions are in amorphous materials, like glass it means that you need a structure of Cu(I) and Cu(II) with oxygen in this case, even if the truth is that the ions are more unorganized than the model suggests. This is important to understand when you read this paper.
Below is the modelling described for Cu + and Cu 2+ ions.
Cu(I)
In previous investigations, when Cu + was introduced in the glass by adding to the batch or by ion exchange, a two-fold coordination state was suggested [10] [11] [12] [13] [14] 16] . Other authors have proposed a situation where six oxygen ions surround the Cu + ion in a compressed octahedral site [24] . Both models were tried in the fitting process. The CueO distance in crystalline Cu 2 O was determined by Troger et al. to be 1.85 Å [25] ; in the previously mentioned EXAFS studies of Cu 2 O containing glasses, a range of 1.83-1.85 Å was found [10] [11] [12] [13] [14] [15] [16] 18] . Based on these values, we chose 1.85 Å for the Cu(I)eO as a starting value for structural optimization. However, both longer and shorter bonds were tried in the fitting process. Cu(II) Previous studies of the structural coordination of Cu 2+ in different glass compositions by UV-Vis spectroscopy and EPR have proposed a coordination environment consisting of an elongated octahedron [3] [4] [5] [6] [26] [27] [28] [29] [30] [31] . On the other hand, EXAFS analysis carried out on ordinary melt-quenched glass, ion-exchanged glass and also historic blue glasses have suggested a square planar coordination with four oxygen ions surrounding the Cu 2+ ion [14, 16, 17] . Yet again, EXAFS data from sol-gel derived silicate glasses [32] and also from phosphate glasses [33] have given evidence for the elongated octahedron. Therefore, we once more used both structural models in FEFF7, i.e., the square planar and the elongated octahedron. For a starting value of the Cu(II)eO distance, we used 1.95 Å for the four equatorial bonds, and 2.30 for the Cu(II)eO axial bond. These values were chosen in reference to crystalline CuO (1.95 Å) [25] and previous EXAFS results on Cu 2+ in silica gel [32] and Cu 2+ in aqueous solution [34] . The sample containing CeO 2 was the first sample to be tested as this was the sample with supposedly the highest proportion of Cu 2+ ; we anticipated it to be the easiest sample for probing the applicability of either of the two Cu 2+ coordination models. All previous suggestions of the structure of Cu + and Cu 2+ with surrounding O 2-in glass were considered during the fitting process for the primary coordination environment. Silicon was chosen as backscatterer for the second coordination shell. It is possible that sodium, potassium and calcium also could be backscatterer, but the model became too complex to involve these ions. Multiple scattering paths were fitted, but the contribution to the fit was very small. Different redox ratios of Cu + and Cu 2+ were used during the fitting procedure with starting values taken from ref. [6] where the samples were analyzed by means of a wet chemical method. The coordination number, CN was . This gives 1-0,675 = 0.325 which will be Cu 2+ /Cu tot .
Results
Cu K-edge EXAFS
The model with Cu + in linear coordination with oxygen and Cu
2+
surrounded with six oxygen ions in an elongated octahedron was found to be the best model (lowest F-factor). The results from the fitted model are summarized in Table 2 . The Fourier transforms of the k 3 weighted EXAFS spectra and the corresponding fits are displayed in Fig. 1 . ). This means that the bond length distribution for this axial Cu(II)eO is higher than for the shorter bonds.
The distances from the Cu + ion and Cu 2+ ion to silicon was found to be 2.80-2.85 Å and 3.01-3.06 Å, respectively, for the different glass compositions.
Cu K-edge XANES
Spectra from the XANES region are shown in Fig. 3 . The characteristic pre-edge peak at about 8985 eV (which is seen in the crystalline Cu 2 O sample) is from the 1 s-4p x,y transition and is attributed to a linear coordination [33] . In the spectra of the glassy samples the same band is present. Bold values show contributing bonds to get total CN. a Goodness of fit parameter; the sum of the squares of the differences between experimental and calculated values. b Taken from UV-Vis-measurements and the extinction coefficient from ref [6] .
There are no obvious transitions in the XANES spectra concerning Cu 2+ , hence, it cannot be concluded that there is Cu 2+ other than the indication of less pronounced 1 s-4p x,y transition for Cu + . However, if the Cu-site has no center of symmetry, there will be a 1 s-3d transition at about 8979 eV [35] . There is no such peak in the studied glass samples, thus the Cu 2+ coordination environment is probably centrosymmetric.
UV-Vis-NIR Spectroscopy
The geometry of an elongated octahedron was expected to give rise to three absorption bands in the UV-Vis-NIR spectra originating from the electronic transitions; dxz, dyz → dx 2 -y [2] , dxy → dx 2 -y 2 and
. In all spectra, three Gaussian functions were therefore used to decovolute the broad absorption envelope. Results from the deconvolution of the optical absorption spectra are provided in Fig. 4 and Table 3 .
Jahn-Teller distortion of the octahedral complex
The degree of Jahn-Teller distortion of the octahedral complex can be expressed as the ratio between the shorter equatorial bond length and the longer bond length of the complex, Cu-O eq /Cu-O ax [36] . The EXAFS results give us these bond lengths (Table 2) . When the ratio is unity there is no distortion at all [36] . The Cu-O eq /Cu-O ax ratio was found to vary only to a small extent, i.e., between 0.84 and 0.86; it is obviously not changing much as the glass composition is varied.
Another way to determine the degree of the Jahn-Teller distortion is to compare the energy needed for the dz 2 → dx 2 -y 2 and dxy → dx 2 -y 2 electronic transitions [3] . If the distortion increases (when the axial bond lengths increase) the energy level of the dz 2 orbital will decrease due to longer distance to the oxygen ligands. The energy levels of dx 2 -y 2 and dxy will both increase, but the difference between them will still be Table 3 through the absorption wavenumbers from UV-Vis-NIR spectroscopy. In this way of representation, the ratio is 0 when there is a regular octahedral. The reason as to why the deconvoluted absorption band for the 20 K glass looks so different from the other glass compositions is presently not clear. It could be related to variations in sample homogeneity, residual thermal stress, local structural compaction or the absence of a mixing effect.
Discussion
Cu(I)eO bond length
The Cu(I)eO distance found in this investigation is somewhat shorter than previous investigations of Cu in glass [10] [11] [12] [13] [14] 16, 17] . Some of the previous studies chose the distance to be constrained to the same distance as found for crystalline Cu 2 O (1.847 Å) by X-ray diffraction [25] . On the other hand, when calculating the CueO bond length by adding the ionic radii (according to Shannon [37] ion and the linear coordination gave the best fit.
Cu(II)-O bond length
The Cu(II)eO distance found in the present study is shorter compared to most previous studies [14, 16, 17] , but almost the same as found by D'Acapito et al. [11] ; the reported a Cu(II)eO distance of 1.92 Å in soda-lime glass implanted with Cu ions.
In two crystalline silicates, MCuSi 4 O 10 (M = Ca and Ba), with Cu(II) coordinated to four oxygen ions in square planar arrangement, the Cu (II)eO distances are 1.928 Å and 1.921 Å, respectively [38] . Thus, in silicates, Cu(II)eO distances are shorter than in, e. g., crystalline CuO (1.95 Å [25] ). In water Cu 2+ is surrounded by six or five ligands and the Cu-O eq were measured to 1.96 and Cu-O ax to 2.29 Å with EXAFS [34, 39] . However, in an aerogel silicate the Cu(II)-O eq distance was found to be 1.96-2.00 Å and the Cu(II)-O ax 2.25-2.35 Å by Kristiansen et al. [32] . The axial bond lengths found in the present study are It has been proposed from UV-Vis-NIR and EPR studies that the degree of distortion is altered when for example Na + is replaced by the larger K + in the glass structure [4, 5] . When increasing the size of the alkali ion, the broad absorption band at about 800 nm in the UV-Vis-NIR spectra is shifted to lower energy (higher wavelengths) [4, 6, 40, 41] . This shift has also been attributed to the difference in the distortion of the octahedron, i.e. when the elongation is not that pronounced, the ligand field strength is decreased, and the absorption band is shifted to a longer wavelength. According to the crystal field theory (CFT), the difference between the lowest energy levels, the dxy and yz orbitals, and the highest energy level, the dx 2 -y 2 orbital, would be higher if the distortion is increased. It means that the difference between the distance of Cu-O eq and Cu-O ax will increase. The results from this investigation show that the distortion of the octahedral geometry is almost the same for all studied glass compositions as can be seen in Tables 2 and 3 . The exception for this is the sample named 20 K where the deconvoluted UV-Vis-NIR spectrum looks somewhat different than the others and the calculated distortion is somewhat lower, see Table 3 . However, this study also shows that the bond lengths are very similar for all compositions; at least there is no trend in the bond lengths that can explain the decrease in ligand field strength when Na is replaced by K. The term Δ O is influenced by the type of ligand, the metal ion and the distance from the metal ion to the ligands with the inverse fifth power [42] . This means, if all Cu(II)eO bond lengths in the potassium containing glass would have been longer than the bonds in the glasses with more sodium, that could also (except for being less distorted) have explained the decrease of the ligand field strength as the radii of alkali ion is increased. However, according to the EXAFS measurements, there is no such difference of the Cu(II)eO bond lengths in the octahedral configuration when the glass composition is altered. Thus, there must be another explanation to the observed difference in Δ O .
In the CFT only ionic bonds are considered. In the ligand field theory (LFT), also the covalent bonding is taken into account. The dz 2 and dx 2 -y 2 orbitals of the Cu 2+ ion and the six O 2-ligands form σ-bonds and π-bonds are formed from dxy, dxz and dyz orbitals. As the O 2-ions are π-donating ligands they will already have a filled t 2g orbital and thus force the metal ion's electrons to the antibonding orbital (t 2g *) which has a higher energy, see Fig. 5 . This will lead to a decrease of Δ O between the t 2g * and e g * energy levels compare to when π bonding is neglected. It means that an increase of the covalent character of the Cu (II)eO bond will actually decrease the ligand field strength, Δ O , compare to the case when the bond has more ionic character. It has been shown that in copper containing potassium aluminosilicate glasses the degree of covalent character (i.e. proportion of π-bonds) for the Cu(II) eO bond is higher than for the Cu(II)eO bond in sodium aluminosilicate glasses [7] . It is possible that the fraction of covalent bonds is higher in the potassium containing glasses in this study, too, thus it would explain the decrease in Δ O . This explanation was suggested by Lee and Brückner [5] based on EPR and UV-Vis-NIR spectroscopy results from Cu containing alkali silicate glass. However, they concluded that the Jahn-Teller distortion increased with the size of alkali ion. Both the CFT and the LFT assume the complex-ion to be isolated from the rest of the glassy matrix. It was recently suggested that the surrounding structure (secondary, third, fourth polyhedron… etc.) affects the Δ O of the distorted Cu 2+ complex in crystalline samples such as K 2 CuF 4 and KCuF 3 [43] . Based on ab initio calculations, it was stressed that the potential energy of the neighboring lattices will contribute to the difference in Δ O . In the present study, the higher field strength of Na + compared to K + will result in a higher internal electric field (i.e. higher potential energy) which most likely will affect the Cu (II)-oxygen octahedron. This might also explain the differences in ligand field strength in the sodium containing glasses compared to the potassium containing glasses.
The above described picture of how Cu(I) and Cu(II) is incorporated in silicate glass remains quite idealistic; it is likely that copper is not that ordered, as reflected by the large F-factor. However, the very significant 1 s-4p transition which is only seen in linear coordinated Cu(I), is more clearly observed in the samples with higher [Cu(I)]/[Cu tot ] ratio (i.e. the Sb containing glasses). Therefore, the conclusion is that Cu(I) is mostly linearly coordinated with two oxygen ions. Concerning the Cu(II) coordination it is noted that the results from an elongated fivefold coordinated square pyramidal coordination look about the same as for the elongated octahedron, in analogy with Cu 2+ in water [34, 39] . The transitions in UV-Vis-NIR would be at the same energies. When this hypothetical coordination was tried during the EXAFS analysis, the obtained fit was almost as good as the one for the elongated octahedron. We mention this because it is important to understand that X-ray and UV-Vis-NIR absorption spectroscopy are methods that delivers data which can be interpreted in more than one way, especially in unorganized materials like glass.
Conclusions
EXAFS and XANES investigation showed that Cu(I) in the glass matrix (20-x)Na 2 O-xK 2 O-10CaO-70SiO 2 is coordinated by two oxygen ions mainly in linear structure, other possible structures gave not as good fits with experimental data. The Cu(I)eO bond lengths were found to be 1.79-1.83 Å ( ± 0.02 Å). The EXAFS analysis further revealed that the Cu(II) has a coordination of six oxygen ions in an elongated JahnTeller distorted octahedral geometry. This structural configuration was confirmed by UV-Vis-NIR spectroscopy. The four equatorial Cu(II)eO bond lengths were found to be 1.89-1.91 Å ( ± 0.02 Å) and the two axial Cu(II)eO bond lengths were found to be 2.20-2.24 Å ( ± 0.02). The degree of distortion of the Cu(II)-oxygen octahedron was found to be about the same for all investigated glass compositions. There are other options for Cu(II) to be coordinated when looking at data from EXAFS and UV-Vis-NIR, but not with any support from the literature.
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